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Abstract 25 
Canga is a moderately hard iron-rich duricrust primarily composed of goethite as a result of 26 
the weathering of banded iron formations. Canga duricrusts lack a well-developed soil profile 27 
and consequently form an innate association with rupestrian plants that may become 28 
ferruginised, contributing to canga possessing macroscopic biological features. Examination 29 
of polished canga using a field emission scanning electron microscope (FE-SEM) revealed 30 
the biological textures associated with canga extended to the sub-millimetre scale in 31 
petrographic sections and polished blocks. Laminae that formed by abiotic processes and 32 
regions where goethite cements were formed in association with microorganisms were 33 
observed in canga. Biological cycling of iron within canga has resulted in two distinct forms 34 
of microbial fossilisation: permineralisation of multispecies biofilms and mineralisation of 35 
cell envelopes. Goethite permineralised biofilms frequently formed around goethite-rich 36 
kaolinite grains in close proximity to goethite bands and were composed of micrometre-scale 37 
rod-shaped, cocci and filamentous microfossils. In contrast, the cell envelopes immobilised 38 
by authigenic iron oxides were primarily of rod-shaped microorganisms, were not 39 
permineralised and occurred in pore spaces within canga. Complete mineralisation of intact 40 
rod-shaped casts and the absence of permineralisation suggested mineralised cell envelopes 41 
may represent fossilised iron-oxidising bacteria in the canga ecosystem. Replication of these 42 
iron-oxidising bacteria appeared to infill the porous regions within canga. Synchrotron-based 43 
Fourier transform infrared (FTIR) microspectroscopy demonstrated that organic biomarkers 44 
were poorly preserved with only weak bands indicative of aliphatic methylene (CH2) 45 
associated with permineralised microbial biofilms. High resolution imaging of microbial 46 
fossils in canga that had been etched with oxalic acid supported the poor preservation of 47 
organic biomarkers within canga, indicating mineralogical replacement of organic 48 
biomarkers.  49 
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1. INTRODUCTION 51 
The increased demand for steel as a base metal in the construction industry has resulted 52 
in an exponential increase in the production of iron ore, with over 300 million tons produced 53 
from Brazil each year (Yellishetty et al., 2010). Iron ore is extracted from vast opencast 54 
mines that impact the natural landscape and associated biome. Pre-mining, these iron ore 55 
systems are capped by canga, a ferruginous duricrust. Canga is composed of detrital 56 
fragments of hematite and itabirite cemented together by secondary goethite that forms a 57 
moderately hard, permeable layer with a typical thickness of  approximately 10 meters (Dorr, 58 
1964). Insect bore holes and roots structures are commonly associated with canga and 59 
contribute to the macroscopic biological  features that are routinely observed (Fig. 2A). 60 
Canga is enriched in iron oxides via the extensive weathering of banded iron formations 61 
(BIFs) resulting in the dissolution of the silica-rich layers and precipitation of relatively 62 
stable iron oxides in the void spaces between resistant hematite crystals (Dorr, 1964). Canga 63 
forms a relatively chemically and mechanically resistant layer that protects the underlying 64 
friable high-grade iron ore in the weathering profile of iron ore systems (Dorr, 1964; Dorr, 65 
1973; Melfi et al., 1988; Shuster et al., 2012).  66 
Canga hosts an astonishing ecosystem containing hundreds of rupestrian plant species, 67 
several of which are naturally rare and endemic to canga-associated habitats (Jacobi et al., 68 
2007; Gibson et al., 2010; Jacobi and Carmo, 2011; Yates et al., 2011; Messias et al., 2013). 69 
Iron ore mining operations in Brazil pose a threat to the biodiversity associated with canga 70 
ecosystems. Despite an iron content of up to 60%, canga is typically removed as a waste by-71 
product of iron ore mining due to the compositional variation as well as high phosphorus and 72 
alumina concentrations compared with the underlying high-grade iron ore (Dorr, 1964). 73 
Canga has a phosphorus concentration of approximately 0.1% (wt/wt) (Dorr, 1964), which is 74 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
4 
 
likely to be adsorbed within the structure of goethite (Fontes and Weed, 1996; Monteiro et 75 
al., 2014). Canga is customarily removed and stock piled prior to the commencement of iron 76 
ore mining, destroying the vegetation and severely impacting the associated ecosystem (Toy 77 
and Griffith, 2001). 78 
Hillslope stabilisation, soil erosion and long-term revegetation programs have been 79 
identified as key targets in the remediation of iron ore mines in Brazil (Griffith and Toy, 80 
2001). Concerted rehabilitation efforts involving iron ore mining companies, the government, 81 
ecologists and environmental geologists must be made to protect the remaining native biome 82 
and to overcome challenges with the restoration of canga-associated habitats post-mining 83 
(Skirycz et al., 2014). Re-cementation of canga is the first stage towards the successful 84 
rehabilitation of areas mined for iron ore, to restore the landscape, prevent erosion and 85 
provide a natural platform for the revegetation of plant species following the removal of high-86 
grade iron ore. Understanding the chemical and biological processes that contribute to canga 87 
genesis is imperative for the accelerated re-cementation of canga. 88 
Canga ecosystems are considered to be dynamic, formed via the continued dissolution 89 
and precipitation of secondary goethite, which contributes to their complex textures (Fig. 2A) 90 
and self-healing properties (Monteiro et al., 2014); however, the mechanisms responsible for 91 
the cycling of iron that contribute to canga genesis are poorly understood. Dorr (1964) 92 
stressed the need to determine the role of bacteria in the formation of canga. A detailed 93 
geochronological, petrographic and geochemical study conducted by Monteiro et al. (2014) 94 
indicated that biological processes were likely to be the major mechanism driving the 95 
reductive dissolution of iron oxides in canga. Parker et al. (2013) also supported the 96 
hypothesis that microbial reductive dissolution of Fe(III) oxides is critical to the transport and 97 
cycling of iron in canga. Conversely, processes responsible for the precipitation of several 98 
goethite generations and textures in iron systems (Ramanaidou, 2009) require investigation. 99 
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Evidence of increased near-surface cycling of iron in biological regions (Monteiro et al., 100 
2014), highlights the need to determine the role of microorganisms in the genesis of canga. 101 
Iron-oxidising and iron-reducing bacteria are essential to the environmental cycling of 102 
iron (Schröder et al., 2003; Emerson et al., 2010). In anoxic environments, iron-reducing 103 
bacteria respire using ferric iron as a terminal electron acceptor, resulting in the production of 104 
ferrous iron (Reaction 1; de Castro and Ehrlich, 1970). Conversely, a wide range of 105 
neutrophilic iron-oxidising bacteria enzymatically oxidise ferrous iron, producing ferric iron 106 
(Reaction 2; Emerson and Revsbech, 1994)). Iron-oxidising and iron-reducing bacteria have 107 
been cultured in close juxtaposition at the redox boundary, which may result in rapid cycling 108 
of iron in circumneutral environments (Roden et al., 2004). Therefore, iron-oxidising and 109 
iron-reducing bacteria may significantly contribute to the cycling of iron, driving the 110 
continued dissolution and precipitation of iron oxyhydroxides, identified to be critical to the 111 
formation of canga (Monteiro et al., 2014).  112 
CH2O + 4 Fe3+ + H2O → 4 Fe2+ + CO2 + 4 H+ (1) 
Fe2+ + ¼ O2 + H+ → Fe3+ + ½ H2O (2) 
Iron-oxidising bacteria are most likely to play a key role in microaerobic niches within 113 
canga, a circumneutral environment, to avoid the loss of their energy source via abiotic 114 
ferrous iron autooxidation (Sobolev and Roden, 2001; Rentz et al., 2007). In aerobic 115 
circumneutral environments, ferric iron produced via iron-oxidising bacteria (Reaction 2) is 116 
unstable and rapidly hydrolyses to form amorphous 2-line ferrihydrite (Reaction 3) that can 117 
precipitate on the cell envelope of iron-oxidising bacteria (Hallberg and Ferris, 2004; Corbari 118 
et al., 2008), and which has been demonstrated to resist recrystallisation to goethite in the 119 
presence of bacteria (Kennedy et al., 2004). The phase stabilisation of ferrihydrite by bacteria 120 
is possibly a result of the inhibition of crystal rotation, preventing the transformation of 121 
ferrihydrite to goethite (Banfield et al., 2000). Salama et al. (2013) suggested heavily 122 
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encrusted bacterial filaments may coalesce to form goethite. The diagenetic controls on the 123 
transformation of biogenic iron oxides together with potentially preserved biosignatures 124 
continue to be areas of active research. Extensive encrustation of iron-oxidising bacteria may 125 
contribute to cell fossilisation, which can be utilised to identify the presence of biomolecules 126 
including organic functional groups that may be precursors to cellular components, termed 127 
biomarkers (Kennedy et al., 2004; Miot et al., 2009).  128 
Fe3+ + 3 H2O → Fe(OH)3 + 3 H+ (3) 
To investigate the role of bacteria in the formation of canga, the present study aimed to 129 
determine the occurrence and distribution of microbial fossils in canga using scanning 130 
electron microscopy and to employ Fourier Transform infrared (FTIR) spectroscopy to 131 
identify the presence of organic biomarkers within hotspots of paleobiological activity. Acid 132 
dissolution experiments have previously exposed microbial remnants in carbonates (Power et 133 
al., 2011). Using a similar approach, iron oxides were dissolved using oxalic acid, a powerful 134 
iron chelator (Panias et al., 1996), to release cell components from canga. Insight into the 135 
hypothesised role of microorganisms in the formation of canga (Dorr, 1964; Monteiro et al., 136 
2014) is important to the development of an accelerated canga restoration program following 137 
the removal of the underlying iron ore. 138 
 139 
2. MATERIALS AND METHODS 140 
 141 
 2.1. Site description and sample collection 142 
 143 
The Carajás mineral province of northern Brazil has a tropical climate with an 144 
approximate annual rainfall of 1800 mm largely falling in the wet season (November – 145 
March) and a consistent average annual temperature of 26°C. Geological, petrographic and 146 
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geochemical studies of the Carajás mineral province have demonstrated that canga occurring 147 
above weathered banded iron formations is composed of goethite cements (Tolbert et al., 148 
1971; Figueiredo e Silva et al., 2011). Hand-samples of canga were collected from the Vale 149 
S.A. N1 site located in the eastern aspect of Carajás mineral province  in the State of Pará, 150 
Brazil (Fig. 1). Canga samples were in close proximity to surface water and vegetation and 151 
contained macroscopic biological inclusions, including an association with plant roots and 152 
insect bore holes, as well as goethite bands, which indicated the circulation of soluble iron. A 153 
rock hammer was used to collect canga hand samples, which were highly consolidated and 154 
exposed at the surface, with the notable absence of a soil layer (Fig. 2A).  155 
 156 
2.2. Microscopy 157 
 158 
Canga samples were prepared as: petrographic thin sections for high resolution 159 
imaging, probe mounts for oxalic acid etching experiments and un-embedded canga billets 160 
(approximately 23 × 23 × 6 mm) for infrared spectroscopy. Petrographic canga thin sections 161 
and probe mounts were embedded with poxiCure 2 Epoxy to preserve the microstructure of 162 
canga. All canga samples were polished to the sub-micrometre-scale in the presence of water 163 
on a Buehler Automet 300. New, clean fixed diamond adhesive pads were used to polish 164 
canga billets to avoid organic cross-contamination with other materials. All samples were 165 
ultrasonicated in distilled water for 30 seconds using clean, sterile beakers between each 166 
phase of polishing. Canga samples were photographed and digital scans were acquired using 167 
a Leica CTR6500 scanning light microscope at 10× optical zoom using reflected light.  168 
Petrographic thin sections and probe mount samples of canga were coated with 8 nm 169 
and 20 nm of iridium deposition, respectively, using a BAL-TEC MSC-010 sputter coater. 170 
Canga thin sections and probe mounts were examined using a JEOL JSM-7100F field 171 
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emission scanning electron microscope (FE-SEM) equipped with JEOL energy-dispersive X-172 
ray spectrometer (EDS) and imaged using accelerating voltages of 15 kV and 3 kV for 173 
backscattered electron and secondary electron modes, respectively. Samples were degassed in 174 
a vacuum oven at 50°C for 8 hours and surfaces were plasma cleaned for 10 minutes using a 175 
XEI Scientific Evactron 25 De-contaminator RF Plasma Cleaning System prior to 176 
examination.  177 
For synchrotron-based infrared spectroscopy, canga billets were polished using only 178 
fixed adhesives and were not embedded in resin to avoid the introduction of organic artefacts. 179 
Gloves were worn throughout all sample preparations. High-resolution micrographs of 180 
polished canga blocks were acquired using a Hitachi SU3500 low vacuum SEM without 181 
coating the sample, allowing for the characterisation of canga polished blocks without the 182 
risk of contamination. Canga polished blocks offered the advantage of unambiguous 183 
detection of organic biomarkers within canga. Synchrotron-based FTIR microspectroscopy 184 
was used to determine the presence of chemical biomarkers as indicators of palaeobiological 185 
activity within un-embedded polished canga blocks containing permineralised microbial 186 
fossils identified using low vacuum SEM analysis. 187 
 188 
2.3. Infrared Microspectroscopy 189 
 190 
The infrared microscpectroscopy beamline at the Australian Synchrotron (Clayton, 191 
Australia) exploits the high brilliance of the synchrotron to produce a collimated infrared 192 
beam capable of producing high signal-to-noise at diffraction limited spatial resolutions. A 193 
Bruker V80v FTIR spectrometer with a photovoltaic liquid nitrogen cooled mercury-194 
cadmium-telluride (MCT) detector system (Bruker Optik GmbH, Ettlingen, Germany), 195 
connected to the infrared light source at the Australian Synchrotron was used to acquire high 196 
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resolution infrared maps by attenuated total reflection (ATR). An infrared map was acquired 197 
from a permineralised microbial biofilm that was previously identified in a canga polished 198 
block characterised by low vacuum SEM analysis (Fig. 2B). A Hyperion 2000 infrared 199 
microscope (Bruker Optik GmbH, Ettlingen, Germany) with a Bruker single-bounce 200 
microATR 20× objective and motorised stage was coupled with the FTIR spectrometer and 201 
used to create an overview image of the region containing permineralised microbial fossils. 202 
The Bruker microATR accessory was equipped with a 100 µm diameter germanium crystal 203 
tip. Bruker OPUS 6.5 software controlled the system. Mid-infrared spectra were acquired in 204 
the region of 3800 to 800 cm-1 by accumulating 256 scans at a resolution of 6 cm-1 with a 205 
background spectra obtained from a CaF2 window. Infrared spectra were obtained from a 2.5 206 
× 2.5 µm spot on the canga polished block by applying a suitable aperture. The sample was 207 
moved stepwise in a raster fashion with a step size of 2.5 µm to cover the region containing 208 
permineralised microbial fossils. Infrared spectra were compiled to create an infrared map of 209 
the permineralised microorganisms.    210 
Infrared spectral maps acquired from a polished canga block were analysed using Opus 211 
7.2 software (Bruker Optik, GmbH, Ettlingen, Germany). Spectral bands associated with 212 
mineralogical bands were assigned using a standard infrared textbook of minerals (Chukanov, 213 
2013). Tamm and Tatulian (1997) was used to assign organic functional groups. All spectra 214 
were integrated between 2910-2940 cm-1 to generate a heat-map, with red and orange infrared 215 
pixels indicating regions containing relatively high aliphatic hydrocarbon moieties of 216 
methylene (CH2). For each spectrum, a local baseline was drawn between the minimum and 217 
maximum wavenumbers to be integrated. The area between each spectrum and the baseline 218 
was then calculated. The integrated absorbance was represented as a colour scale for each 219 
map pixel.  220 
 221 
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2.4. Oxalic acid etch 222 
 223 
Canga probe mount samples exposed to an oxalic acid treatment were embedded in 224 
EpoxiCure 2 Epoxy within a 25 mm circular probe mount, allowing for the preservation of 225 
the original canga structure and limiting etching to surface features only. An optimised oxalic 226 
acid concentration of 2% (wt./vol.) and a calibrated burette was used to etch canga probe mounts 227 
(approximately 1 drop every 5 minutes) for five days. Higher oxalic acid concentrations 228 
caused the canga to crumble and fall apart. Following etching, the canga mounts were washed 229 
three times with deionised water, air dried and degassed in the vacuum oven and coated 230 
before analysis using a JOEL JSM 7100 FE-SEM with backscattered and secondary electron 231 
modes.  232 
 233 
4. RESULTS 234 
 235 
The roots of rupestrian plant species forms an association with canga in the absence of 236 
a soil layer, which is clearly visible in the field  (Fig. 2A). The cemented canga samples 237 
contained goethite bands, which could be identified in polished surfaces (Fig. 2B). The 238 
biological association with canga at the macroscopic scale was observed to extend to the 239 
micrometre-scale in canga thin sections, highlighted by the occurrence of fossilised 240 
microorganisms within canga (Fig. 3).  241 
 242 
4.1. Microbial fossils 243 
 244 
Extensive goethite permineralised microbial fossils were identified within canga thin 245 
sections by backscattered FE-SEM analysis (Fig. 3). Permineralisation is the process in which 246 
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organisms are fossilised by mineral deposits that form internal casts of organic tissues. 247 
Permineralised microorganisms were identified in close proximity to goethite laminae and 248 
were present in all areas indicated by arrows (Fig. 3A). Backscattered imaging showed a 249 
varied chemical-compositional contact between the permineralised microbial mats and the 250 
surrounding laminae (Fig. 3B). Some of the filamentous iron-oxidising bacteria appear to 251 
have intracellular inclusions or granules, which are diagnostic of Leptothrix discophora 252 
(Adams and Ghiorse, 1985). Permineralised microorganisms were highly clustered with 253 
contact evident between rod-shaped and filamentous fossils (Fig. 3C). An apparent chemical 254 
and physical interaction between permineralised microfossils suggests that the fossilised 255 
microorganisms existed as a biofilm and, as such, shall be referred to as permineralised 256 
biofilms from this point forward.   257 
Permineralised biofilms in canga contained fossilised microorganisms including rod-258 
shaped, cocci and filamentous bacteriomorphs (Fig. 4). Biofilms contained numerous rod-259 
shaped microorganisms, approximately 1.5 µm in length and 1 µm in diameter, with 260 
structural evidence of capsule, which extends ca. 1 µm outwards from the cell envelopes (Fig. 261 
4A). Evidence for binary fission indicated that the fossilised structures were of relict growing 262 
microbes (Fig. 4A). A backscattered electron micrograph of a comparatively large rod-shaped 263 
microbial fossil indicated a variable elemental composition between the fossilised cell 264 
envelope and the surrounding iron oxides at a micrometre-scale (Fig. 4B). Remarkably, a 265 
permineralised cocci-like fossil contained a preserved cell envelope bilayer (Fig. 4C). 266 
Permineralised filamentous structures, approximately 0.3 – 0.5 µm in diameter and of 267 
variable length, were identified throughout the biofilm (Fig. 4D).  268 
In canga thin sections, permineralised microbial biofilms were composed of several 269 
microcolonies (biofilms) that each formed around separate grains (Fig. 5A). The elemental 270 
composition of the microbial biofilm matrix (Fig. 5B), the permineralised microorganisms 271 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
12 
 
(Fig. 5C) and the large grain the microbial fossils had formed around (Fig. 5D) was 272 
determined using EDS analysis. The microbial biofilm matrix (Fig. 5B) and the 273 
permineralised fossils (Fig. 5C) were composed of Fe and Al oxides, with a higher detection 274 
of Fe compared to Al in the permineralised microorganisms. A representative grain that 275 
supported the permineralised biofilm was composed of Al and Si with a smaller amount of 276 
iron detected (Fig. 5D). The peak at 2 keV was a result of iridium coating and trace 277 
phosphorus, which was present throughout canga (Dorr, 1964; Monteiro et al., 2014).  278 
Cell envelopes localised by authigenic iron oxides were also identified within canga 279 
samples from the Carajás (Fig. 6A). A representative spectrum of encrusted cell envelopes 280 
indicated that cells had become entombed by iron and aluminium oxides and hydroxides (Fig. 281 
6A) Encrusted cell envelopes formed in select pores in canga, in contrast to the 282 
permineralised microbial fossils, which had been identified around grains close to goethite 283 
laminae. Fossilised cell envelopes were not permineralised. The left and right portions of 284 
Figure 6B were imaged using a FE-SEM in backscattered and secondary electron modes, 285 
respectively. Backscattered electron micrograph identified micrometre-scale mineralised cell 286 
envelopes, approximately 1 µm in diameter, formed at the surface of canga pore spaces (Fig. 287 
6B). Intact casts of immobilised cell envelopes completely entombed were evident in the pore 288 
spaces of canga using secondary electron SEM analysis (Fig. 6B). Intact fossilised casts were 289 
approximately 1.5 µm in length and 1 µm in diameter (Fig. 6B), which closely correlated 290 
with the dimensions of the transverse section of the localised cell envelopes. The authigenic 291 
mineralised cell envelopes of microbial fossils were exceptionally well preserved; the 292 
fossilised cell envelopes formed an extensive three-dimensional cell structure that infilled the 293 
pore space within canga between relatively ‘massive’ iron oxides (Fig. 6). 294 
 295 
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4.2. Infrared Microspectroscopy 296 
 297 
Synchrotron-based infrared maps were acquired to obtain high spatial resolution of 298 
organic remnants preserved in permineralised microbial fossils identified by low vacuum 299 
SEM analysis of un-embedded canga polished blocks (Fig. 7A). Identification of infrared 300 
spectra that contained the aliphatic hydrocarbon moiety of methylene (CH2) was determined 301 
by integrating each spectrum between 2910 - 2940 cm-1. The integrated absorbance of all 302 
spectra were displayed as a heat-map (Fig. 7B). Relatively high organic regions, indicated by 303 
red and orange infrared spectra (Fig. 7B), were unevenly distributed within regions 304 
containing microbial fossils (Fig. 7A). Infrared spectra acquired from regions displaying 305 
permineralised microbial fossils only possessed weak organic bands at approximately 2919 306 
and 2844 cm-1, which were assigned to the antisymmetric and symmetric stretching bands of 307 
methylene (red spectrum; Fig. 7C). A spectrum corresponding to a permineralised microbial 308 
fossil showed no evidence of organic functional groups (blue spectrum; Fig. 7C). Water 309 
vapour bands between 1350 and 1850 cm-1 hindered the possibility of observing the 310 
corresponding CH2 deformation vibrations in this region. Clay minerals evident in the top left 311 
and bottom left of the backscattered electron micrograph (Fig. 7A) do not overlap with red 312 
and orange pixels, which represent infrared spectra with weak organic bands present (Fig. 313 
7B). Goethite, indicated by the strong broad hydroxyl band at 3100 cm-1, was the only 314 
mineral identified in infrared pixels that contained methylene moieties (Fig. 7C). FTIR 315 
spectra that correlated with permineralised microorganisms indicated that the intracellular 316 
precipitates were goethite; however, all spectra deteriorated below 950 cm-1. The preservation 317 
of organic biomarkers was ambiguous due to weak organic bands and the presence of 318 
atmospheric water in the spectra.  319 
 320 
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4.3 Oxalic acid etch of canga 321 
 322 
The concentration of oxalic acid used to etch canga was optimised using canga 323 
fragments. Analysis of fragments using a low vacuum SEM revealed that concentrations of 324 
oxalic acid greater than 4% (wt./vol.) etched too vigorously and resulted in the inadvertent loss 325 
of the original structure and targeted microbial structures (data not shown). Therefore, 2% 326 
(wt./vol.) oxalic acid was used to etch embedded, polished canga probe mounts to dissolve iron 327 
oxides and expose potential microbial remnants. Microbial fossils were typically poorly 328 
preserved following the oxalic acid etch of iron oxides. Microcrystalline iron oxides 329 
(goethite) and bacteriomorphic casts were exposed in regions etched by iron oxides (Fig. 8A). 330 
The drop-wise oxalic acid etch indicated that in some regions diagenetic iron oxides that had 331 
permineralised the microbial fossils were preferentially dissociated, creating bacteriomorphic 332 
casts though no cell envelope was observed (Fig. 8B). A secondary electron micrograph of an 333 
iron oxide permineralised fossil demonstrated complete infilling of the fossil with very little 334 
(if any) cell envelope preserved (Fig. 8C).  335 
 336 
5. DISCUSSION 337 
 338 
The electron micrographs presented here provide unequivocal evidence for the presence 339 
of microbial fossils in canga. Extensive permineralised biofilms identified throughout canga 340 
samples from the Carajás mineral province demonstrated a role for bacteria in the formation 341 
of iron duricrusts. Permineralisation of biofilms together with evidence of binary fission 342 
indicated rapid petrification of a growing microbial ecosystem during a single fossilisation 343 
event (Fig. 3). Multiple cell morphologies within the permineralised biofilm suggest the 344 
presence of a diverse microbial ecosystem within canga. Permineralised microbial biofilms 345 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
15 
 
formed around goethite-rich kaolinite grains, indicated by FTIR microspectroscopy (data not 346 
shown) and EDS, which would have provided a site for microorganisms to adhere to prior to 347 
the formation of the biofilm. The identification of cell envelopes immobilised by authigenic 348 
iron oxides within canga strongly indicates biooxidation of iron on cell surfaces within pore 349 
spaces in canga ecosystems (Kappler et al., 2005). The localised cell envelopes appear to be 350 
cross-sections of rod-shaped microorganisms. The replication and encrustation of rod-shaped 351 
microorganisms in iron oxides had in-filled pore spaces, directly contributing to canga 352 
genesis, which suggested that biogenic iron oxides may contribute to the heterogeneous 353 
nature of canga that extends from the macroscopic to the microscope scale.  354 
  355 
5.1. Identification of microbial fossils 356 
 357 
The identification of fossilised microorganisms in some geological samples can be 358 
ambiguous. Westall (1999) attributes the fundamental criteria in the search for fossilised 359 
bacteria to cell size, shape, cell wall texture, cell division, colony formation and association. 360 
The permineralised rods, cocci and filamentous fossils identified in canga were consistent 361 
with the size and shapes of typical microorganisms (Figs. 3 - 5). The variations in size and 362 
shape of microbial fossils are due to different orientations and species of microorganisms 363 
within the permineralised biofilms in canga. Fossilised, multispecies microbial communities 364 
within canga, including rods and filamentous cell morphologies indicated complex microbial 365 
interactions. Rod-shaped and filamentous microfossils were the most prominent 366 
bacteriomorphs identified within canga. In a natural iron-rich environment in Demark, 367 
filamentous organisms, determined to be iron-oxidising species of Gallionella and Leptothrix 368 
ochracea, were inferred to play a role in the initial formation of the microbial mat (Emerson 369 
and Revsbech, 1994). Filamentous microfossils identified in this study may have been 370 
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neutrophilic iron-oxidising bacteria and critical to the formation of microbial biofilms in 371 
canga. Biofilms also contained abundant cocci-like structures, many of which are interpreted 372 
to be cross-sections of rod-shaped or filamentous organisms.  373 
 374 
5.2. Permineralisation of microorganisms 375 
 376 
The exceptional structural preservation of permineralised bacteriomorphs within canga 377 
can be attributed to the fossilisation process. Iron has been demonstrated to play a 378 
fundamental role in the preservation of bacteria, interacting with cell envelopes and inhibiting 379 
the autolytic breakdown of cellular components (Ferris et al., 1988). Most microbial cell 380 
envelope structures possess a net anionic surface charge that facilitates electrostatic 381 
interactions with metal ions that can result in the nucleation of authigenic minerals on cell 382 
surfaces (Beveridge and Fyfe, 1985; Schultze-Lam et al., 1996). These cell envelopes are also 383 
composed of structures more resistant to degradation (Knoll, 1985; Westall, 1999). 384 
Therefore, the nucleation of iron oxides on cell surfaces together with the stable 385 
macromolecular structure have contributed to the structural preservation of cell envelopes 386 
identified within canga. Bacterial cell envelopes can be complemented by capsule or sheath 387 
structures, both of which also possess an anionic charge capable of interaction with iron 388 
(Beveridge, 1989). The present study identified permineralised microorganisms with a 389 
fossilised cell envelope bilayer within canga ecosystems (Fig. 4C), equivalent to an additional 390 
cell envelope polymer such as a sheath, which is consistent with modern Leptothrix species 391 
(Emerson and Ghiorse, 1993).  392 
The exact processes responsible for goethite permineralisation and the preservation of 393 
relict microorganisms in canga are incompletely understood. In the present study, 394 
permineralised microorganisms were ostensibly viable in close proximity to an iron-rich 395 
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water source. Seasonal dehydration of the iron-rich water source may have resulted in the 396 
saturation of iron and the precipitation of Fe(III) oxides. Permineralised microorganisms 397 
often show no evidence of cell lysis; therefore, the cell envelope must have been permeable 398 
to soluble iron. Nanometre-scale hydrous iron oxides may have permeated cell envelopes and 399 
precipitated in the lumen of cells. The structural preservation of cell morphology indicates the 400 
iron oxides must have nucleated at the microbial cell envelope surface, inactivating 401 
autolysins and preventing autolysis of the cell envelopes (Ferris et al., 1988). Therefore, 402 
goethite permineralised microorganisms are likely to have been structurally preserved as 403 
Fe(III) oxides precipitate on cell envelopes and saturated hydrous ferric oxides precipitate 404 
within the cytoplasm of cells. 405 
 Backscattered imaging of permineralised microfossils showed a higher iron oxide 406 
content within the cells than in extracellular regions (Figs. 3 - 5). The combined lower atomic 407 
mass of elements within the extracellular regions of the biofilm indicates the possible 408 
preservation of extracellular polymeric substances in the biofilm (Fig. 4).  409 
Permineralised microorganisms may represent autotrophic and heterotrophic 410 
microorganisms or neutrophilic iron-oxidising bacteria. For example, permineralised 411 
filamentous microorganisms presented here are consistent with Leptothrix species capable of 412 
iron oxidation (Kucera and Wolfe, 1957; Mulder and van Veen, 1963) that may have initially 413 
avoided complete entombment by physiological or structural adaptations, limiting iron oxide 414 
nucleation on their cell envelopes (Emerson and Ghiorse, 1992). Alternatively, 415 
microorganisms that do not utilise iron in energy generation also interact with iron cations 416 
and provide a site for iron oxide nucleation (Beveridge and Fyfe, 1985; Schultze-Lam et al., 417 
1996). Extensive fossilised biofilms have contributed to the formation of goethite cements 418 
within canga (Fig. 3). Biogenic ferricrete formation appears to be enhanced by microbial 419 
communities, which act as nucleation sites for the accelerated precipitation of iron oxides.  420 
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 421 
5.3. Preservation of cell envelopes 422 
 423 
Evidence for binary fission and the dominant rod-shaped morphology suggested the 424 
‘circular’ iron oxides were encrusted cell envelopes of rod-shaped bacteria (Fig. 6B). Prior to 425 
fossilisation, living rod-shaped microorganisms appear to have formed a template for the 426 
nucleation of iron oxides, where continued growth provided the scaffolding for mineral 427 
nucleation within pore spaces of canga, suggesting that nutrients and Fe-rich fluids had 428 
continued to flow through these pores. Separate processes were likely to be responsible for 429 
the preservation of cell envelopes by authigenic iron oxide mineralisation (Fig. 6) compared 430 
with the permineralised biofilms within canga (Figs. 3 - 5).  Cell envelopes preserved by 431 
authigenic iron oxides were not permineralised, demonstrating that the cells had become 432 
sealed from their external milieu, which suggested rapid mineralisation, for example, by iron-433 
oxidising bacteria, had occurred. 434 
Kappler et al. (2005) demonstrated that cultured nitrate-dependent iron-oxidising 435 
bacteria transferred into new Fe(II) medium became completely entombed in iron oxides. The 436 
viability of iron-oxidising bacteria that actively precipitate Fe(III) oxides on the cell surface, 437 
resulting in encrustation, remains an open discussion. Encrustation of bacteria by authigenic 438 
iron oxides would physically restrict diffusion and active transport of nutrients across the cell 439 
envelope; however, precipitation of Fe(III) oxides directly on the cell envelope improves 440 
bioenergetics, therefore encrustation of iron-oxidising bacteria may improve cell viability 441 
(Kappler et al., 2005). 442 
Preservation of cell envelope structures appears to be a result of the precipitation of 443 
Fe(III) oxides on cell envelopes of iron-oxidising bacteria and the degradation of intracellular 444 
organic compounds that would restrict the recrystallisation of ferrihydrite (Cornell and 445 
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Schwertmann, 2003). The preservation of complete cell structures of iron-oxidising bacteria 446 
is relatively rare and may be species dependent. Evidence of iron-oxidising bacteria is the 447 
geological record is more commonly restricted to the preservation of extracellular organic 448 
structures (Williams et al., 2015). Salama et al. (2013) provided evidence that filamentous 449 
bacterial colonies that resembled Leptothrix species coalesced to form goethite. Further 450 
characterisation of iron oxides precipitated on the cell envelope of iron-oxidising bacteria is 451 
required to address the diagenesis of biogenic iron oxides in canga environments. The iron 452 
encrusted microorganisms presented here are interpreted to represent rod-shaped iron-453 
oxidising bacteria that have actively precipitated iron oxides on their cell envelopes (Fig. 5). 454 
The direct precipitation of iron oxides onto external cell surfaces and the ostensibly young 455 
nature of these fossils (discussed below) are likely to have contributed the exceptional 456 
preservation of complete cell structures.   457 
 458 
5.4. Relative age of microfossils 459 
 460 
Previously dated goethite demonstrated that the age of canga increases with depth 461 
(Shuster et al., 2012; Monteiro et al., 2014). Hand samples containing fossilised 462 
microorganisms were collected from the surface of the canga profile in the Carajás and were 463 
predominantly composed of massive goethite. U-Th/He dating of goethite grains aims to 464 
target vitreous goethite to minimize He loss (Shuster et al., 2005; Vasconcelos et al., 2013). 465 
Goethite grains dated from the Carajás within the top 30 cm of the profile had an average age 466 
of approximately 4.3 Ma, with the top 2 cm dating to less than 1 Ma (Shuster et al., 2012). 467 
Geochronological and geochemical analyses of vitreous goethite grains in canga have shown 468 
that iron cycling is more prominent within the biogenic regions of canga (Shuster et al., 2012; 469 
Monteiro et al., 2014).  Microfossils in canga that were permineralised by goethite are not 470 
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vitreous, with goethite likely to have been extensively recrystallised. Therefore 471 
permineralised microbial fossils identified in this study are likely to have formed more 472 
recently than 1 Ma. 473 
 474 
5.5. Preservation of organics in canga 475 
 476 
Fourier transform infrared (FTIR) spectroscopy has previously been used to 477 
demonstrate the preservation of organic biomolecules (biomarkers) in ancient, iron-rich 478 
sedimentary environments (Preston et al., 2011). In this study, despite the excellent 479 
preservation of structural biomarkers within canga, organic biomarkers were poorly 480 
preserved. Synchrotron-based FTIR microspectroscopy identified weak bands at 2844 cm-1 481 
and 2919 cm-1 in select region of canga displaying permineralised filamentous and rod-482 
shaped microbial fossils, indicative of the aliphatic hydrocarbon moiety of methylene (CH2). 483 
The broad band at approximately 3100 cm-1 was assigned to the surface hydroxyls in 484 
goethite, which indicated goethite permineralisation of microbial fossils had resulted in the 485 
poor preservation of organic biomarkers within the cell envelope of microbial fossils. 486 
Correlation between infrared spectra containing organics and the structural cell envelopes 487 
was heterogeneous. Weak organic bands were only identified in the extracellular matrix 488 
within the biofilm. Extracellular polymeric substances (EPS), which can account for 50 to 489 
90% of the total organic carbon of biofilms (Flemming et al., 2000), may be the source for 490 
the weak methylene (CH2) functional groups identified using infrared microspectroscopy. 491 
Cell envelopes localised by authigenic iron oxides that formed in the pore spaces of 492 
canga (Fig. 6) were not identified in un-embedded polished blocks. Abrasive polishing of 493 
canga blocks in the absence of any significant structural support, for example, provided in the 494 
form of resin, would inevitably damage these micrometre-scale authigenic iron oxide 495 
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precipitates on the microbial templates, and would be removed by sonication during sample 496 
processing. Resin associated with localised cell envelopes (Fig. 6B) introduced organic 497 
contaminants into these samples and prevented analysis by infrared microspectroscopy.  498 
The permineralisation of microfossils in canga presented a challenge to try and recover 499 
the biological material from within the goethite cement. Cell envelope structures can be 500 
recovered from carbonate cements using an acid maceration technique (Power et al., 2011). 501 
Oxalic acid is an excellent iron chelator; therefore, a range of oxalic acid treatments were 502 
employed to dissolve the iron oxides, leaving intact cell envelopes. The permineralised 503 
microbial fossils were poorly preserved after etching the canga samples. Observation of 504 
oxalic acid weathered samples indicated organic cell envelope structures were poorly 505 
preserved. These observations corroborated the infrared microspectroscopy results, indicating 506 
pseudomorphic goethite replacement of microbial fossils had resulted in poor preservation of 507 
organic biomarkers. In select regions, the controlled 2% (wt./vol.) oxalic acid etch preserved 508 
some bacteriomorphic casts within canga (Fig. 8B) providing additional support to the 509 
findings that microbes were present throughout canga, but not revealing cell envelope 510 
components. 511 
 512 
5.6. Significance of microbial fossils in canga 513 
 514 
Fossils provide a ‘snapshot’ of the biota preserved in the geological record and can 515 
assist with the reconstruction of the associated paleoenvironment. The presence of fossilised 516 
microorganisms in canga also provides insight into the biogeochemical cycling of iron in 517 
canga ecosystems. Iron oxides nucleated on microbial surfaces (Fig. 6) indicated the flow and 518 
biooxidation of Fe(II)-rich fluids through canga pores, which are postulated to be microoxic. 519 
The presence of iron-oxidising bacteria is significant to the cycling of iron, contributing to 520 
the precipitation of iron oxides and the formation of biogenic ferricrete. The relatively poor 521 
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energetics associated with the biooxidation of ferrous iron requires iron-oxidising bacteria to 522 
cycle large amounts of iron to survive (Emerson et al., 2010). In canga, iron-oxidising 523 
bacteria appeared to replicate in habitual juxtaposition, forming initially at the edge of the 524 
pore spaces. Replication of iron-oxidising bacteria that were encrusted in iron oxides resulted 525 
in the infilling of pore regions throughout canga (Fig. 6A), presumably redirecting the flow of 526 
water through more porous regions, continuing canga formation.  527 
Iron reduction was not directly investigated in this study but is hypothesised to be 528 
driven by biological mechanisms and a limiting step in the cycling of iron associated with 529 
canga formation (Monteiro et al., 2014). Parker et al. (2013) demonstrated that the poorly 530 
crystalline Fe(III) oxides in canga were more susceptible to bioreduction by Shewanella 531 
oneidensis MR-1 than crystalline phases (hematite), supporting the hypothesis that bacteria 532 
may play a role in canga genesis.  533 
 534 
6. Conclusions 535 
 536 
Canga formation appears to be the result of a combination of biological and chemical 537 
processes. The occurrence of fossilised microorganisms throughout canga suggests that 538 
bacteria play an important role in the formation of canga and that they contribute to the 539 
heterogeneous textures observed in some canga. Permineralised multispecies microbial 540 
communities demonstrate the occurrence of complex biofilms in canga. Synchrotron-based 541 
infrared microspectroscopy and oxalic acid treatment of permineralised fossils indicated 542 
pseudomorphic goethite replacement of organic biomarkers within canga. Direct or indirect 543 
nucleation of iron oxides on localised cell envelopes of rod-shaped bacteria provides 544 
evidence of biooxidation of iron within the pore spaces of canga and the formation of 545 
biogenic goethite cements, contributing to canga genesis.  546 
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Figure Legends 694 
 695 
Fig. 1. Canga hand samples were collected from the Vale N1 mine site (S 06° 00' 44.5" and 696 
W 50° 17' 46.0") in the Carajás Mineral Province, State of Pará, Brazil. 697 
 698 
Fig. 2. Photographs of canga demonstrating the macroscopic organic features. (A) 699 
Photograph of canga surface revealing macroscopic biological features including an 700 
association with plant roots. Hand sample was collected from the surface of canga in the 701 
Carajás mineral province, State of Pará, Brazil. (B) Photograph of polished canga block. 702 
Permineralised microbial biofilm mapped by synchrotron-based infrared spectroscopy is 703 
indicated by the region marked with an arrow. Goethite bands from the canga hand sample 704 
were translated into the canga polished block.  705 
 706 
Fig. 3. A focal series of backscattered electron FE-SEM micrographs of permineralised 707 
microorganisms. Low magnification indicates the heterogeneous nature with the 708 
permineralised biofilm continued in all regions identified by arrows (A). The permineralised 709 
biofilm formed in close proximity to goethite bands. The sharp compositional contact 710 
between the biofilm and the surrounding iron oxide laminae is highlighted in (B). High 711 
magnification micrograph demonstrates the excellent structural preservation of microbial 712 
fossils, the microbial diversity and density within the permineralised biofilm (C). 713 
 714 
Fig. 4. Backscattered electron FE-SEM micrographs of the permineralised microorganisms, 715 
highlighting the remarkable structural preservation and diversity of the fossilised microbial 716 
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ecosystem. Note, the presence of dividing bacteria in (A); a larger rod-shaped microbial fossil 717 
(B); the complex cell envelope bilayer in (C); and the filamentous microorganisms in (D). 718 
 719 
Fig. 5. Backscattered electron FE-SEM micrograph of canga, highlighting the separate 720 
‘growth of microcolonies’ as fossilised relics on grains surfaces (A). Energy dispersive 721 
spectroscopy of the dominant textures observed using SEM analysis, highlight the greater 722 
proportion of Al to Fe oxide in (B) compared with (C), indicating that bacteria have been 723 
permineralised by goethite. The grain was composed of Al, Si and Fe, indicating the 724 
microbial mat had formed around a goethite-rich kaolinite grain, confirmed by infrared 725 
microspectroscopy (D).  726 
 727 
Fig. 6. FE-SEM micrographs of the fossils preserved by cell surface immobilisation of 728 
authigenic iron oxides. (A) Microcolonies of bacteria are localised within canga pore spaces, 729 
infilling many of the pore spaces. (B) Magnification of the rectangle in (A) with the left and 730 
right portions imaged using backscattered and secondary electron FE-SEM analysis, 731 
respectively. Backscattered electron (BSE) micrograph (left) highlights precipitation of iron 732 
oxides around a microbial template suggesting that these microfossils represent iron-733 
oxidising bacteria (B). A continuation of image (B) into the hole using secondary electron 734 
(SE) imaging (right) demonstrates the growth of rod-shaped bacteria on the ‘surface’ within 735 
the pore including evidence of cell division and a vibrioid cell (white arrow). Epoxy resin that 736 
preserved surface microbial fossils through sample preparation is indicated by a black arrow.  737 
 738 
Fig. 7. (A) Backscattered electron environmental SEM micrograph of the region examined 739 
using synchrotron FTIR microspectroscopy. The matrix of circles shows the pixels that were 740 
analysed by microATR with a 2.5 × 2.5 µm aperture to generate an infrared map of microbial 741 
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biofilms. (B) Heat-map showing the integrated absorbance of each infrared spectrum 742 
(integrated between 2910 and 2940 cm-1). Red and orange pixels represent relatively high 743 
aliphatic methyl organics. (C) Infrared spectrum of a red pixel with weak organic peaks at 744 
2919 and 2844 cm
-1
 (red spectrum) that indicated the presence of methylene (CH2) moieties 745 
relative to a spectrum that no organics (blue spectrum). Peaks at 3100 cm-1 were assigned to 746 
the surface hydroxyls within goethite. The integrated infrared map indicated that the organics 747 
were not evenly distributed and biomarkers were replaced during goethite permineralisation. 748 
 749 
Fig. 8. Secondary electron FE-SEM micrographs of embedded canga probe mounts after 750 
treatment with 2% (wt./vol) oxalic acid. (A) Micrograph showing the preferential etching 751 
patterns, exposing microcrystalline goethite and bacteriomorphic casts. (B) High 752 
magnification micrograph of the rectangle in (A), highlighting the bacteriomorphic cast. (C) 753 
Permineralised microbial fossil with intracellular mineralised iron oxides at the initial stages 754 
of being dissolved (arrow) showing no preservation of cell envelope.   755 
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HIGHLIGHTS 
• Permineralised microbial biofilms associated with goethite cement in iron duricrust 
• Fossilised cell envelopes interpreted to be iron-oxidising bacteria within canga 
• Permineralised biofilm chemically characterised using synchrotron FTIR 
spectroscopy 
